The rate of ethylene production by intact, attached leaves of cotton plants (Gossypium hirsutum L.) during aging and senescence was studied using a continuous flow system that allowed air around enclosed leaves to be scrubbed to collect and assay ethylene. Senescence of lower leaves began around 150 d after planting in a controlled environment room. A progressive decline in the ethylene production rate was observed when comparing the 3rd, 6th, and 10th leaves from the base with each other. Ethylene production rates of individual leaves also declined over a 50-d period. However, as leaves began to appear chlorotic, a peak of ethylene production occurred that lasted for about 4 d followed by abscission. This peak involved a 3-fold or greater increase in the rate of ethylene production. The data indicate that intact leaves experience a climacteric-like surge in ethylene production after visible symptoms of senescence appear. This "ethylene climacteric" is apparently the signal that initiates hydrolysis of cell walls in the abscission zone. A more important reason arises from the fact that leaf age often alters sensitivity to ethylene (13, 23); thus, it is possible that increased sensitivity to ethylene, rather than increased concentrations of ethylene, signals the abscission process. This possibility suggests that there would be no need for a peak in ethylene production to occur for ethylene to mediate abscission. Finally, young leaves or other organs generally produce ethylene at higher rates than older leaves (7, 11, 14) , a fact attributed to the well-known ability of auxin to promote ethylene synthesis (1, 15) . This correlation raises the question of what cue might initiate ethylene production in an aging leaf in which auxin levels are presumed to be declining. Although auxin levels have been shown to decrease in leaves with age (20, 22, 24) , the analyses have not been frequent enough to eliminate the possibility of a transient rise in auxin levels. Logically, before solution to the question of what cues the presumed rise in ethylene production should be sought, it would be desirable to determine with certainty that ethylene production rates increase in intact leaves on intact plants before abscission.
Several lines of evidence indicate that ethylene is a natural regulator of leaf abscission (12, 18) . However, technical difficulties such as the very low ethylene production rates of leaves, difficulties in enclosing intact leaves in leak-free containers, and the potential for accumulation or depletion of CO2 and 02 with enclosed leaves have prevented analysis of ethylene production by intact leaves attached to whole plants. Therefore, an actual change in the ethylene production rate of intact, attached, aging leaves before abscission has not been demonstrated.
Such information is needed for several reasons. Detached leaves and intact plants exhibit opposite ethylene production rate responses to water deficit stress (16, 17) ; therefore, it is unreliable to project ethylene production data from detached plant parts to intact plants. Ethylene content data obtained by the vacuum extraction method (5) are subject to question because the tissues must be excised and because the time between excision and assay, as well as the details of the extraction process (degree and duration of vacuum application), can alter results. Further, the destructive nature of this assay would require use of large populations of plants, mak- ing it impossible to observe the behavior of individual plants over time.
A more important reason arises from the fact that leaf age often alters sensitivity to ethylene (13, 23) ; thus, it is possible that increased sensitivity to ethylene, rather than increased concentrations of ethylene, signals the abscission process. This possibility suggests that there would be no need for a peak in ethylene production to occur for ethylene to mediate abscission. Finally, young leaves or other organs generally produce ethylene at higher rates than older leaves (7, 11, 14) , a fact attributed to the well-known ability of auxin to promote ethylene synthesis (1, 15) . This correlation raises the question of what cue might initiate ethylene production in an aging leaf in which auxin levels are presumed to be declining. Although auxin levels have been shown to decrease in leaves with age (20, 22, 24) , the analyses have not been frequent enough to eliminate the possibility of a transient rise in auxin levels. Logically, before solution to the question of what cues the presumed rise in ethylene production should be sought, it would be desirable to determine with certainty that ethylene production rates increase in intact leaves on intact plants before abscission.
Availability of an apparatus to collect ethylene from intact plants via a flowing air stream (16) allowed us to enclose individual leaves on intact plants and determine their ethylene production rates with age. Plants were grown under conditions in which older leaves abscised at around 150 d after planting. We measured ethylene production of several leaves from 90 d after planting until abscission and detected a consistent burst in ethylene production just before abscission.
MATERIALS AND METHODS
Cotton plants (Gossypzum hirsutum L. v. Stoneville 213)
were grown in 7.6-L pots in growth rooms (Environmental Growth Chambers, Chagrin Falls, OH) using a 12-h photoperiod as described (16) . Fluorescent and incandescent lamps provided 800 to 1000 gtmol photons.m-2 s-l at the upper canopy level with height-adjustable light banks.
Experiments were started when plants were 90 d old and averaged 15 leaves each. Individual leaves were enclosed in 2-L canning jars whose metal lids were filled with copper tubing inlet and outlet tubes for air flow and new rubber stoppers bored and split to accommodate petioles. Exposed parts of petioles were wrapped in parafilm and then sealed with silicone rubber as previously described (16) . Jars were held in place by ring clamps. The entire air flow system was glass and metal. Blank trials, without leaves in the canning jar cuvettes, detected no ethylene from the system. Ethylene was collected with the continuous flow system described earlier (16) . Ethylene-free breathing air passed through the leaf chamber and at selected times was scrubbed through chilled columns to collect ethylene, which was subsequently transferred to a GC and analyzed with an alumina column and H2-flame ionization detector. The system was calibrated frequently with an ethylene standard.
Air flow was maintained at 117 cc min' per individual leaf container. Tests demonstrated that leaks were rare and the flow rate was stable. Ethylene was collected for 10 min daily at 4 PM, which is near the daily peak in ethylene production (see figure 4 in ref. 16 and P.W. Morgan, unpublished data). The rate of air flow maintained the temperature inside the canning jars within ±0.50C of the air temperature in the chamber.
RESULTS
The trend in ethylene production of attached leaves with time is illustrated in Figure 1 . Each set of data is from an individual plant from a group planted and grown at the same time. Leaves were enclosed on the day indicated and ethylene sampled daily for 5 to 9 d, after which the leaf chambers were removed and the leaves were excised, dried, and weighed. Because only three or four leaves on a large plant (about 15 leaves at 90 d) were enclosed and the duration of enclosure was limited, there was a minimal impact on plant vigor. Furthermore, ethylene production was not altered. This is illustrated by plotting the data summarized in Figure 1 on a daily basis; such plots revealed that the ethylene production rate for a given leaf on the new plant the first day of collection was consistently near that recorded for the same leaf on the previous plant on the last day of enclosure (data not given). The data in Figure 1 reveal that ethylene production is inversely related to age; the oldest leaf produced ethylene at the lowest rate. The same relative differences were apparent when the ethylene data were expressed on a nL-1 leaf basis Figure 2 . Average ethylene production rates of individual leaves numbered from the bottom of cotton plants. Continuation of experiment in Figure 1 , except that four leaves were enclosed for the final period. The day obvious chlorosis was observed is marked by an asterisk (*), and the day leaf abscission occurred is marked by an arrow (l) for each leaf.
because weights of the leaves compared varied less than 10%. There was a trend for each leaf to produce less ethylene as it aged (Fig. 1) , thus explaining the lower production occurring in the older leaves noted above. This trend was also apparent within each collection period when trend lines were drawn through the data from daily assays over a several-day period (data not given). Ethylene production by leaves just before senescence is illustrated in Figure 2 . In this experiment, which was a continuation of the study presented in Figure 1 , four leaves were enclosed for the final period beginning at 140 d. These leaves exhibited a marked increase in the ethylene production rates 3 to 4 d before abscission. Each leaf became chlorotic on the first day of the preabscission rise in ethylene production. This experiment was conducted once in 1990 and twice in 1991 with separate groups of plants with similar results. There was a peak of ethylene production in each leaf before leaf abscission. The duration of the period of elevated ethylene production was over 4 d, based on the fact that abscission occurred within the 24 h following the last observation.
To allow an evaluation of the variability in ethylene production, data from all three experiments were adjusted to normalize the day of abscission of each common leaf (leaves 3 and 6), and successive observations were plotted relative to that day. Standard deviations for the data from all three experiments illustrate that the peaks of ethylene production are clearly separated from the previous base level for 4 d preceding abscission (Fig. 3) . The increase was 3-to 4-fold. None of the experiments were continued long enough for leaf 10 to abscise. The trend for older leaves to release ethylene at lower rates ( Fig. 1) was also illustrated as leaves neared abscission (Figs. 2 and 3) , except that the two oldest leaves in Figure 2 reached a uniform base level of ethylene production before the preabscission peak occurred. (2) abscise. The data in this article demonstrate that ethylene production does rise in leaves attached to plants, it rises several-fold, it rises before abscission, and the period of increased ethylene production lasts for around four daily cycles. Auxin is well known to retard abscission (18) . In cotton leaves and flowers, as well as in leaves of bean and Prunus serrulata, auxin levels decline with age (8, 20, 21, 23) . In addition, auxin transport in cotton leaves decreases with age, and sensitivity to ethylene-induced abscission increases with age (3, 6, 23) . The combination of declining auxin transport to the abscission zone and elevated ethylene levels has been proposed as a signal for abscission (3, 6) . If the major abscission-retarding substance is decreasing and the sensitivity to ethylene is increasing (possibly for that reason), then a sudden increase in the ethylene production rate, as demonstrated here, is likely to initiate the abscission process. The tissue samples enclosed in this study were leaf blades and part of the associated petiole; the abscission zone and nearby petiolar tissue was not included. However, it is likely that the rise in ethylene production noted here increased the concentration of the gas in the abscission zone because of previous data showing close correlations of ethylene production and concentrations in both leaf blades and petioles (11) . The relevance of a peak in ethylene production by the leaf blade to initiation of abscission is supported by the observed inhibition of auxin transport capacity in petioles (3, 6, 23) and leaf blade midribs (19) by ethylene.
For cotton, it has been reported that young leaves are more sensitive to ethylene-induced abscission than older leaves (13, 23) . Although this is true, that fact needs to be considered carefully because the pattern is more complicated in older plants with 10 or 11 leaves. Incompletely expanded leaves are more resistant to ethylene than the youngest or oldest leaves on the plant (13) . However, in all of these comparisons, none of the leaves are 'old' in the sense of being near senescence. In fact, with mature cotton plants, old leaves abscise rapidly and extensively when treated with ethylene (13, see discussion and references). It is that phenomenon, the abscission of old leaves from mature plants, that relates to the data presented here.
The apparent anomaly of relatively young and relatively old, nearly senescent leaves both being quite sensitive to ethylene-induced abscission is interesting. All available data, including those presented here, indicate that the youngest leaves would produce the most ethylene. Because these young leaves normally do not abscise except in response to an unusual stress or a saturating exposure to ethylene, young leaf abscission is not an expression of normal behavior. Considering the age of such leaves (20 to 30 d or less), they would be around 120 to 140 d or more away from normal abscission if grown under conditions similar to those used here. Their failure to abscise, despite their higher rate of ethylene production, is credited to their higher auxin content. The older leaves experience the changes associated with aging, which include declines in auxin levels and auxin transport capacity (3, 6, 8, 20, 21) . Presumably, these changes would make these leaves more sensitive to the climactericlike rise in ethylene demonstrated here (Figs. 2 and 3 ). This rise was demonstrated primarily in leaf blade tissue, and the initial effect of ethylene in abscission is on the leaf blade (4). This association of the rise in ethylene production occurring in the tissue that must respond to exogenous ethylene is consistent with the observed peaks in ethylene production (Figs. 2 and 3 ) being involved in natural abscission.
Finally, these results raise the question of what signals this leaf ethylene climacteric. If leaf senescence increases tryptophan abundance, that condition could allow more synthesis of IAA. However, to our knowledge, a significant preabscission peak or pulse of auxin synthesis has been neither detected nor eliminated by frequent sampling of leaves nearing abscission. The possible occurrence of a signal other than auxin is consistent with the recent observation of two major 1 -aminocyclopropane-1 -carboxylic acid synthase genes in apple fruit (10) regulated either by auxin or ripening. The expression of the 'ripening gene' (for 1-aminocyclopropane-1-carboxylic acid synthase), which is not induced by auxin, might be regulated in a similar fashion to the 'abscission gene, whose behavior is recorded in this article. Whether the signal activating fruit ripening-and abscission-related expression of 1-aminocyclopropane-1-carboxylic acid synthase genes is another hormone or a condition resulting from general senescence, in the present case, the abruptness of the peak and subsequent leaf separation (Fig. 2) indicate a tightly controlled mechanism.
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